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An Intrinsic Distinction in Neuromuscular
Junction Assembly and Maintenance
in Different Skeletal Muscles
ners to this process. Nerve-muscle synapses are well
suited to studies of the relative roles of pre- and postsyn-
aptic elements in the formation of synaptic connections
because of the relative accessibility of presynaptic mo-
tor neurons (MN) and postsynaptic muscles (Sanes and
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Lichtman, 1999). In the mouse, the formation of the NMJMaulbeerstrasse 66
depends on the activation of a muscle-specific receptorCH-4058 Basel
tyrosine kinase (MuSK) (DeChiara et al., 1996; Glass et2 Department of Cell Biology
al., 1996; Zhou et al., 1999) and the recruitment of a3 Department of Pharmacology
postsynaptic adaptor protein, rapsyn (Gautam et al.,Biozentrum
1995; Apel et al., 1997). Subsequent steps in synapticKlingelbergstrasse 70
differentiation appear to involve a series of bidirectionalCN-4056 Basel
signaling interactions between nerve and muscle (SanesSwitzerland
and Lichtman, 2001).4 Department of Anatomy and Neurobiology
The motor nerve has long been considered to exertWashington University School of Medicine
a predominant role in organizing synaptogenesis at the660 South Euclid Avenue
developing neuromuscular junction. This view aroseSaint Louis, Missouri 63110
from in vitro studies in which motor nerves did not seek5 HHMI
preexisting acetylcholine receptor (AChR) clusters asDepartment of Molecular Biochemistry
sites of synaptogenesis but, instead, induced new AChRand Biophysics
clusters at sites of initial contact (Frank and Fischbach,Columbia University HHSC
1977; Anderson and Cohen, 1977). Subsequent studies701 W 168th Street
in vivo indicated that incoming motor nerves secreteNew York, New York 10032
z-agrin (Gautam et al., 1996; Burgess et al., 1999) to
activate MuSK (DeChiara et al., 1996; Glass et al., 1996)
in myotubes, thereby promoting the clustering of AChRs.Summary
Moreover, activation of MuSK through overexpression
of agrin in adult soleus muscle induces the formationWe analyzed the formation of neuromuscular junctions
of a complex, aneural postsynaptic apparatus (Jones et(NMJs) in individual muscles of the mouse embryo.
al., 1997). These results demonstrated critical roles forSkeletal muscles can be assigned to one of two dis-
agrin and MuSK in synaptogenesis and were generallytinct classes of muscles, termed “Fast Synapsing”
interpreted as consistent with the earlier work in vitro(FaSyn) and “Delayed Synapsing” (DeSyn) muscles,
(Sanes and Lichtman, 2001).which differ significantly with respect to the initial focal
Recently, however, a new set of studies raised ques-clustering of postsynaptic AChRs, the timing of pre-
tions about whether agrin in particular or even motorsynaptic maturation, and the maintenance of NMJs in
nerves in general are necessary for the initial steps inyoung adult mice. Differences between classes were
postsynaptic differentiation. AChR clusters still form andintrinsic to the muscles and manifested in the absence
persist in a broad, central synapse-like band in the ab-of innervation or agrin. Paralysis or denervation of
sence of intramuscular motor nerves (Harris, 1981; Yangyoung adult muscles resulted in disassembly of AChR
et al., 2000). In addition, postsynaptic clusters are pre-clusters on DeSyn muscles, whereas those on FaSyn
patterned in a nerve- and agrin-independent, but MuSK-
muscles were preserved. Our results show that post-
dependent, manner (Lin et al., 2001; Yang et al., 2001).
synaptic differentiation processes intrinsic to FaSyn Moreover, these AChR clusters disperse more readily
and DeSyn muscles influence the formation of NMJs in muscles innervated by agrin-deficient nerves than in
during development and their maintenance in the aneural muscles. These findings raise the possibility that
adult. postsynaptic differentiation is initiated nerve-indepen-
dently in a prepatterned central zone and that the nerve
Introduction then uses both agrin to stabilize AChR clusters it con-
tacts and a separate signal to disperse clusters that
Synapses are the signaling interfaces between neurons. have not been induced or stabilized by agrin.
Their formation during development and modification in One limitation of the genetic studies that have led to
the mature organism are thought to involve reciprocal these models is that most of them have focused on a
interactions between pre- and postsynaptic cell types. single muscle, the diaphragm (Gautam et al., 1995, 1996;
Although much is known about molecules associated DeChiara et al., 1996; Burgess et al., 1999; Yang et al.,
with pre- and postsynaptic structures in the mature 2000, 2001; Lin et al., 2001). Although it seems reason-
state, a clear understanding of the initial steps in syn- able to suppose that all NMJs develop in similar ways,
apse formation requires a more precise analysis of the in fact, it is well known that NMJs vary substantially in
individual contributions of pre- and postsynaptic part- size and shape and that muscle fibers differ greatly in
physiology, metabolism, and patterns of gene expres-
sion (Burke, 1994). We therefore wondered whether syn-6 Correspondence: caroni@fmi.ch
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aptogenesis proceeds in all muscles along the lines doc-
umented in diaphragm. To determine whether the steps
in synapse formation and maturation exhibit muscle-
type specific features, we carried out a detailed analysis
of synaptogenesis and synaptic disassembly in identi-
fied limb muscles in wild-type mice, mice lacking MNs,
mice mutant for agrin, and adult mice overexpressing
agrin in MNs.
We found that developing and adult skeletal muscles
can be subdivided into two distinct and previously
unappreciated categories: Fast Synapsing (FaSyn) and
Delayed Synapsing (DeSyn) muscles. These muscle
classes exhibit intrinsically distinct features of focal
AChR clustering and differ in the rates at which they
aquire the characteristic organization of the mature
NMJ. In particular, these two classes of muscles differ
in: (1) the focal clustering of AChRs, (2) the alignment of
the presynaptic nerve with focal AChR clusters, and (3)
the alignment of Schwann cells (SCs) with the presynap-
tic nerve terminal. In FaSyn muscles, these three steps
are achieved within less than 1 day of development,
whereas in DeSyn muscles, the focal organization pro-
cess involved a transition period of up to 5 days. In the
absence of agrin, many NMJs on FaSyn muscles are
apparently normal for the first 2–3 days, whereas those
on DeSyn muscles do not form. While NMJs on FaSyn
and DeSyn muscles exhibit a comparable anatomical
organization in postnatal mice, treatments that chal-
lenge synaptic stability in young adult mice result in
the selective disassembly of NMJs on DeSyn muscles, Figure 1. Distinct Patterns of AChR Clustering during Synapse For-
mation in Different Muscles of the Hindlimb in the Mousewhereas those on FaSyn muscles are preserved. Be-
(A) Labeling of AChR with -Bungarotoxin in FaSyn (tibialis anterior)tween 3–9 months of age, NMJs on DeSyn muscles
and DeSyn (LGC) muscles at embryonic day (E)16.5. Both a FaSyngradually become less sensitive to disassembly, sug-
and a DeSyn muscle are shown on the same low-magnificationgesting that the consolidation of NMJs on DeSyn mus-
panel. The high-magnification images of AChR clusters in FaSyncles is a protracted process in postanatal mice. Taken
and DeSyn muscle were processed in the same way. Note the bright,
together, these findings provide evidence that intrinsic compact clusters and the very low levels of extrasynaptic signal in
properties of FaSyn and DeSyn muscles play a promi- the FaSyn muscle; also note the more weakly labeled, non-
compacted clusters and the presence of diffuse AChR labeling innent role in defining the progress of NMJ formation dur-
the DeSyn muscle.ing the development of synapses and in their mainte-
(B–E) Double-labeling immunocytochemistry of FaSyn (adductor, [Bnance in the adult.
and C]) and DeSyn (gracilis anterior, [D and E]) muscles at E14.5
for AChR (B and D) and rapsyn (C and E). The four images were
Results processed at the same flourescent intensity. Note that rapsyn label-
ing patterns reflect AChR patterns in FaSyn and DeSyn muscle.
Scale bar: 80 m, (A) low magnification panel; 10 m, (A) insets;Two Patterns of Synaptogenesis
and 7.5 m (B–E).in Hindlimb Muscles
To determine whether the process of synapse formation
between MNs and skeletal muscle fibers differs among of rapsyn in FaSyn and DeSyn muscles mirrored that
of AChRs (Figures 1B–1E). We therefore undertook adifferent muscles, we analyzed a large number of hind-
limb muscles in mouse embryos. AChR clustering, a systematic study, spanning the period from embryonic
day (E)13.5, when motor axons in the mouse embryocardinal sign of postsynaptic differentiation, was de-
tected with the specific ligand -bungarotoxin (BTX). start to invade individual cleaved muscle masses
(Jones, 1979), to birth, by which time neuromuscularInitially, we noted that some muscles had bright, com-
pact clusters of AChRs with little diffuse AChR signal, junctions (NMJs) have matured considerably (Sanes and
Lichtman, 1999). Muscles were double-labeled with BTXwhereas other muscles in the same limb showed more
weakly labeled, less-compacted clusters, with apprecia- and either antibody to GAP-43 (to label axons) or anti-
body to the S-100 protein (to label SCs).ble diffuse AChR labeling (Figure 1A). Surprisingly, most
muscles exhibited one of these two patterns that we Development of NMJs in the adductor, a FaSyn mus-
cle, and the gracilis anterior, a DeSyn muscle, are com-call FaSyn and DeSyn for reasons detailed below. AChR
clustering in muscle depends critically on the expression pared in Figure 2. At E13.75, when the majority (95%) of
motor nerves are not yet associated with AChR clusters,of the receptor tyrosine kinase MuSK and the adaptor
protein rapsyn. However, the differences between Fa- muscles differed significantly in the appearance and
intensity of nascent AChR clusters, which were alreadySyn and DeSyn muscles in focal AChR clustering did not
reflect differential expression levels of rapsyn (Figures compact in the adductor (Figure 2A) but diffuse and
weaker in the gracilis (Figure 2B). Between E14.5 and1B–E) or MuSK (data not shown), and the distribution
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Figure 2. Distinct Patterns of Neuromuscular Synaptogenesis in Mouse FaSyn (Adductor) and DeSyn (Gracilis Anterior) Muscles
(A–L) Double-labeling immunocytochemistry of FaSyn (A, C, E, G, I, and K) and DeSyn (B, D, F, H, J, and L) muscles at E13.75 (A and B),
E14.5 (C, D, I, and J), E16.5 (E, F, K, and L), and at birth (G and H). Postsynaptic AChR was visualized with fluorescently labeled -Bungarotoxin
(BTX, green), nerve with an antibody against the axonal protein GAP-43 (red) and Schwann cells (SC) with an antibody against S-100 (red).
Individual indices for the data shown in the panels are as follows (average value for AChR cluster/alignment of nerve or SC with AChR cluster):
4.4/1 (A), 1.2/1 (B), 4.8/4 (C), 1.4/1 (D), 4.9/5 (E), 1.4/1 (F), 4.9/5 (G), 4.9/5 (H), 4.8/5 (I), 1.5/1 (J), 4.9/4 (K), and 1.5/2 (L).
(M) Individual indices (compactness of AChR cluster, alignment of nerve with AChR cluster, and alignment of SC with AChR cluster) as a
function of developmental time during the transition phase to a mature synaptic configuration in a FaSyn (adductor) and DeSyn (gracilis
anterior) muscle. Data are averages from 50 NMJs (three embryos).
Scale bar: 40 m (A–L).
birth, AChR clusters on the adductor remained compact DC1). To quantitate the differences between the adduc-
tor and gracilis, we compiled three “synapsing indices”and became more intensely labeled, whereas AChR
clusters on the gracilis remained poorly compacted be- for individual muscles. The compactness of AChR clus-
ters, the alignment of presynaptic nerves with AChRtween E14.5 and E16.5 (Figure 2). From E14.5, presynap-
tic nerves in FaSyn muscles were unbranched and con- clusters, and the alignment of SCs with AChR clusters
were each scored on a scale of one (low) to five (high).fined to the AChR cluster region, and S-100 SCs
exhibited a compact configuration in close association Results are displayed in Figure 2M. In both muscles,
focal clustering of AChRs preceded alignment of thewith regions of AChR clusters (Figure 2). In contrast,
between E14.5 and E16.5, terminal nerves in DeSyn nerve with the cluster, and alignment of the nerve pre-
ceded that of the SC. However, the rate at which thesemuscles were branched and not aligned with AChR clus-
ters (Figures 2D, 2F, and 2M), and SC cell bodies were events occurred differed markedly between the mus-
cles: the alignment process was substantially faster innot positioned over AChR clusters (Figures 2J, 2L, and
2M). From birth and up to adult, all muscles possessed adductor (1 day, from E13.75 to E15) than in gracilis (3
days, from E16.5 to birth) (Figure 2M).NMJs of comparable appearance (Figures 2G, 2H, and
2M).
The distinct patterns of synaptogenesis in the adduc- Classification of Muscles as FaSyn or DeSyn
To ask how many patterns of synaptogenesis we couldtor and gracilis were highly reproducible between differ-
ent mouse embryos (see supplemental figure S1 online discern in the hindlimb, we applied the synapsing indi-
ces described above to a set of 37 muscles in hindlimbsat http://www.neuron.org/cgi/content/full/34/3/357/
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of three mice at daily intervals from E13.75 to postnatal
day (P)0 for individual muscles. Values from each of the
three indices were summed (see Experimental Proce-
dures), so the total score for each muscle ranged from
3–15. A detailed analysis of E13.5–E17.5 embryos re-
vealed that most muscles could be assigned unequivo-
cally to one of two distinct groups based on their syn-
apse index values (Figure 3). Fast Synapsing muscles
(FaSyn muscles) were defined as muscles with synaps-
ing indices of 11–15. In these muscles, AChR clusters
were intensely labeled and compact, and extrasynaptic
AChR labeling was very low from E13.5 on (Figures 2
and 3H). Delayed Synapsing muscles (DeSyn muscles)
were defined as muscles with synapsing indices be-
tween three and six. In these muscles, AChR clusters
were weak and frequently fragmented, and there was
extensive extrasynaptic AChR labeling up to E17 (Fig-
ures 2 and 3H). Using the same criteria, diaphragm and
sternomastoid were classified as DeSyn muscles, and
intercostals were classified as FaSyn muscles (not
shown). A few muscles exhibited “Intermediate Synaps-
ing” (IntSyn) properties, with intermediate “synapsing
index” values (seven to ten) between E14.5 and E16.5
(Figure 3G). These muscles exhibited DeSyn-type AChR
cluster configurations but more frequent cluster-associ-
ated SCs, and they made the transition from immature
to mature synapses earlier than in DeSyn muscles (Fig-
ure 3H; medial gastrocnemius [MGC]). A detailed analy-
sis of the synapse organization process in FaSyn and
DeSyn muscles revealed distinct differences in the rates
at which alignment of AChR, nerve, and SC were
achieved in the different muscles (Figures 2M and 3H).
First, at any given time in development, the variability
among the muscle fibers of a given muscle was low
(Figures 2M and 3H). Second, the alignment process
was substantially faster in FaSyn than in DeSyn muscles
(Figures 2M and 3H). Linear regression analysis of the
alignment rates yielded slopes of 11.5 (Adductor) and
14 (TA) for FaSyn muscles, 4.1 (LGC) and 4.2 (Gracilis)
for DeSyn muscles, and 4.4 for MGC. Alignment rates
in FaSyn and DeSyn muscles differed significantly (p 
0.003; Student’s t test). Taken together, these findings
tions: AB, adductor brevis; AL, adductor longus; AM, adductor mag-
nus; BF, biceps femoris; CF, caudofemoralis; GMax, gluteus max-
imus; GMed, gluteus medius; GMin, gluteus minimus; GRA, gracilis
anticus; GRP, gracilis posticus; P, pectineus; RF, rectus femoris;
Std, semitendinosus dorsal; Stv, semitendinosus ventral; SM, semi-
membranosus; TFL, tensor fascia lata; VM, vastus medialis; and VL,
vastus lateralis. The following is a list of calf muscle abbreviations:
EDL, extensor digitorum longus; FDL, flexor digitorum longus; FHL,
Figure 3. Distribution of FaSyn and DeSyn Muscles in the Hindlimb flexor hallucis longus; LGC, lateral gastrocnemius; MGC, medial
of the Mouse gastrocnemius; P, plantaris; PB, peroneus brevis; PD4, peroneus
Consecutive sections of E16.5 hindlimbs were double-labeled with digiti quarti; PD5, peroneus digiti quinti; PL, peroneus longus; POP,
-Bungarotoxin and S-100 antibody. Schematic drawings of some popliteus; SOL, soleus; TA, tibialis anterior; and TP, tibialis posterior.
of the muscles with their attachment points are shown in (A)–(F). (G) Frequency histogram of synapsing index values for 37 different
DeSyn muscles (synapsing indices between three and nine) are in muscles at E16.5. The bars represent the numbers of muscles with
blue, and FaSyn muscles (synapsing indeces between 10 and 15) synapse index values of 3 or 4 (labeled as 4), 5 or 6 (labeled as 6),
are in green. The dotted lines indicate the approximate positions of 7 or 8 (labeled as 8), 9 or 10 (labeled as 10), 11 or 12 (labeled as
the bones. SN: sciatic nerve (E). 12), 13 or 14 (labeled as 14), and 15 (labeled as 15).
(A–F) Medial (A–C) and lateral (D–F) views of thigh (A, B, D, and E) (H) Synapsing index values during embryonic development in two
and calf (C and F). To reveal most of the thigh muscles, the medial FaSyn muscles (adductor, TA), two DeSyn muscles (gracilis anterior,
and lateral views are further subdivided into superficial (A and D) LGC), and one IntSyn muscle (MGC). Data are averages from three
and deep (B and E). The following is a list of thigh muscle abbrevia- mice (at least 25 NMJs per muscle and mouse).
Muscles’ Role in Synapse Formation and Maintenance
361
provide evidence that with respect to several aspects bands of forming muscles in the complete absence of
motor axons in MN-free embryos, in agreement withof neuromuscular synaptogenesis, individual skeletal
muscles can be subdivided into two main categories previous findings on diaphragm (Yang et al., 2001; Lin
et al., 2001). The level of AChR labeling intensity at E16.5that exhibit distinct rates of NMJ formation.
The availablility of data from a large set of muscles was reduced in all hindlimb muscles in the absence of
motor axons, but pronounced differences in the intensityprovided an opportunity to test whether FaSyn- and
DeSyn-type synaptogenesis may be related to rates of and patterning of these aneural clusters were still de-
tected in different muscles. FaSyn muscles accumu-muscle maturation, physiological subtypes, or relative
position in the embryo (Figure 3). First, we compared lated compact focal clusters, with low levels of AChR
labeling along the rest of the muscle fiber surface (Figuremuscles of comparable fiber-type composition within
the hindlimb. Two muscles with predominantly fast- 4J; see also Figure 2A), whereas DeSyn muscles exhib-
ited weakly labeled and less-compacted clusters and afatiguable motor units, the lateral gastrocnemius (LGC)
and the rectus femoris, exhibited different innervation substantial level of extra-cluster AChR labeling (Figure
4K). These muscle-specific differences in AChR cluster-patterns. The rectus femoris is a FaSyn muscle (the
synapsing index at E16.5 is 13.8), whereas the LGC is ing in the absence of nerve corresponded consistently
to FaSyn and DeSyn patterns during muscle innervationa DeSyn muscle (the synapsing index at E16.5 is 3.5)
(Figure 3). In addition, within any individual mixed-type in wild-type mice (Figures 4H and 4I), suggesting that
the distinct temporal patterns of neuromuscular synap-muscle, FaSyn- and DeSyn-type innervation patterns
were comparable among muscle fibers, further arguing togenesis reflect properties intrinsic to individual devel-
oping muscles.against the possibility that these differences reflect the
formation of functional subtypes of motor units. Second,
no correlation was found between the proximodistal lo- Differing Sensitivities of FaSyn and DeSyn
cation of a muscle and the type of innervation (Figure Muscles to the Absence of Agrin
3). But, there was a clear tendency for muscles of the In mouse embryos mutant for agrin, nerves invade mus-
same type to occur in groups (Figure 3), although individ- cles, but such embryos are severely impaired in AChR
ual muscles within such groups exhibited slightly differ- clustering (Gautam et al., 1996). We therefore consid-
ent synapsing indices (e.g., three, five, and four for graci- ered the possibility that differences in agrin level or dis-
lis anterior, gracilis posterior, and semitendinosus tribution might lead to DeSyn or FaSyn properties. To
ventral, respectively [E16.5]). Third, during this develop- test this possibility, we analyzed agrin/ embryos, which
mental period and up to birth, relative labeling intensities lack all forms of agrin (Lin et al., 2001). As shown in Figures
for myosin heavy chain isoforms were undistinguishable 5A–5F, neuromuscular synaptogenesis remained distinct
in FaSyn and DeSyn muscles (see supplemental figure in FaSyn and DeSyn muscles, ruling out the possibility
S2 online at http://www.neuron.org/cgi/content/full/34/ that differences in nerve and/or muscle agrin cause dif-
3/357/DC1), arguing against the possibility that they re- ferential clustering of AChRs in FaSyn and DeSyn
flect differences in the rate of differentiation of individual muscles.
muscles. Together, these findings suggest that the in- Although muscles lacking motor nerves and agrin
nervation pattern is a specific property of an entire mus- cluster AChRs in a muscle-type specific pattern, the
cle or the corresponding motor pool innervating the presence of the nerve has a strong influence on the
muscle. intensity of AChRs. We therefore extended our analysis
of agrin mutant mice to determine whether FaSyn and
DeSyn muscles differ in their sensitivity to agrin. ForDistinct Patterns of AChR Cluster Organization
Reflect Muscle-Intrinsic Properties these studies, we used both the agrin/ mutant de-
scribed above and a hypomorphic mutant that lacks allTo determine whether the different rates of AChR clus-
tering reflect intrinsic properties of muscle or depend nerve-derived z-agrin but retains low levels of m-agrin
(z-agrin/ mice; Gautam et al., 1996; z-agrin designateson motor innervation, we selectively eliminated MNs
before their axons reached the target muscle (Yang et the splicing forms of agrin that can activate MuSK,
whereas m-agrin designates those that do not activateal., 2001). For the purpose of this study, it was essential
that MNs to all muscles be eliminated at an early devel- MuSK). Results from both alleles were the same and are
presented together.opmental stage. This requirement ruled out HB9/ mice,
where motor nerves are only absent in the diaphragm In agreement with published reports (Gautam et al.,
1996), muscle fibers in several muscles, including the(Arber et al., 1999). Instead, we used a CRE-lox mediated
system to activate a silent form of the diphtheria toxin diaphragm (data not shown), were defective in AChR
clustering in the absence of z-agrin from E14.5 on. InA subunit gene (DTX) selectively in MNs (Figures 4A–4C).
At E11.5, 2 days before invasion of cleaved muscle addition, we detected dramatic differences between
FaSyn and DeSyn muscles. In the FaSyn muscles ofmasses by motor nerves in the periphery, we detected a
large (90%) reduction in the number of MN cell bodies z-agrin/ mice, a majority of the AChR clusters were
normal in size at E14.5 (Figure 5I; see Figure 5E forpresent in the ventral horn of the spinal cord in embryos
positive for both alleles (Figures 4F and 4G), when com- quantitative data in agrin/ mice). At later develop-
mental stages, AChR clusters failed to grow and thenpared to the control littermates where the silent DTX
gene was present (Figures 4D and 4E). dispersed in the absence of agrin (Figures 5E and 5F).
AChR clusters were partially associated with nervesEmbryos lacking MNs were used to compare the pat-
tern of AChR clusters in different muscles of the hind- (Figure 5F, agrin/ mice) and tSCs (Figures 5A, 5F, 5I,
and 5K). At nonnerve, non-tSC-associated AChR clus-limb. AChRs accumulated and clustered in central
Neuron
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Figure 4. Distinct Patterns of Focal AChR Clustering Reflect Properties Intrinsic to FaSyn and DeSyn Muscles
(A) MN specific expression of Cre recombinase in HB9-CRE mice is visualized by the blue -galactosidase reaction product in ventral brachial
spinal cord on a section from an E13.5 embryo double transgenic for the HB9-Cre allele and the Rosa-lox-STOP-lox-lacZ reporter line allele
(Soriano, 1999).
(B) Structure of the mouse Isl2 locus, Isl2-IRES-lox-STOP-lox-DTX targeting construct, and targeted Isl2 allele for inducible expression of
Diphteria toxin in cells expressing Cre recombinase.
(C) Wild-type (/) and targeted (DTX/) Isl2 allele. Genomic Southern blot with a HindIII-XhoI probe 5 to the targeting construct (B). The
genomic DNA was digested with HindIII for analysis.
(D–G) Specific ablation of spinal presynaptic motor neurons (MNs) in Isl2-DTX/HB9-Cre double-transgenic mice. Immunocytochemistry of E11
lumbar spinal cord ventral horns (dotted lines) with antibodies to HB9 (D and F) and Islet1 (E and G). Note the absence of most HB9- and
Islet1-expressing MNs in double-transgenic (F and G), but not single-transgenic, Cre-negative (D and E) mice. The asterisks indicate medially
located, late-born MNs that have not been affected by DTX expression yet.
(H–K) Characteristic patterns of AChR cluster distribution in FaSyn and DeSyn muscles in the presence and absence of motor nerves. Double-
labeling immunocytochemistry for nerve and postsynaptic AChR clusters in FaSyn and DeSyn muscles at E16.5 in the presence (H and I) and
absence (J and K) of motor innervation.
Scale bar: 80 m (D–G) and 40 m (H–K).
ters, a marked decrease in AChR cluster labeling sug- more sensitive to the absence of agrin than in FaSyn
muscles and that each type of AChR cluster maintainsgested that AChR loss and retraction of the presynaptic
nerve and tSC after E15.5 are coincident. its own muscle type-specific properties during disas-
sembly. In addition, when compared to embryos withoutNevertheless, AChR labeling patterns in FaSyn muscle
fibers that lost AChR clusters in the absence of agrin MNs, where all fibers of a given muscle exhibited com-
parable AChR labeling patterns, more heterogeneity indid not resemble those in DeSyn muscle fibers of wild-
type mice. Specific differences included the maintenance focal AChR clustering was evident in the presence of
nerve and in the absence of agrin (Figure 5F). Therefore,of compact, although less intensely labeled, clusters
and the absence of ectopic AChR labeling throughout motor nerves initially promoted cluster accumulation
in the absence of agrin in FaSyn muscles, but a fewthe dispersal process. Analysis of DeSyn muscles of
agrin/ and z-agrin/ mice revealed a very different days later, they also induced cluster dispersal in these
muscles.pattern. In the absence of z-agrin, AChR clusters were
undetectable at many muscle fibers of DeSyn-muscles
by E14.5 (Figure 5J) and only very weak clusters were Selective Disassembly of NMJs in DeSyn Muscles
Can Be Induced by Chronic Blockade of Synapticdetected in these muscles at E16.5 (Figures 5B, 5D, and
5L). SCs and nerves were consistently positioned at a Activity in Young Adult Mice
To determine whether muscle type-specific propertiesdistance from occasional AChR accumulations. These
findings show that AChR clusters in DeSyn muscles are are maintained at mature synapses in FaSyn and DeSyn
Muscles’ Role in Synapse Formation and Maintenance
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Figure 5. Role of Agrin for Neuromuscular Synaptogenesis in FaSyn and DeSyn Muscles
(A–D) Double labeling of FaSyn (adductor, [A and C]) and DeSyn (gracilis anterior, [B and D]) muscles of E16.5 agrin-deficient mice. AChR
(BTX, green), SC (S-100, red), and nerve (GAP-43, red) were visualized as described in Figure 2. Note normal appearance of synaptic complexes
in FaSyn muscles in the absence of agrin. Individual indices (see the figure legend for Figure 2): 4.2/3 (A), 1.0/1 (B), 3.7/3 (C), and 1.1/1 (D).
(E) Average AChR cluster size (longest diameter) in adductor muscle (FaSyn) of agrin/ mice and wild-type littermates at E14.5 and E16.5.
Data are from two mice each (25 NMJs per muscle and mouse).
(F) Individual AChR, nerve, and SC indices between E13.5 and E17.5 in adductor muscle (FaSyn) of agrin/ mice and wild-type littermates
(sample size as in Figure 2M).
(G–L) Double-labeling of FaSyn (adductor, G, I, and K) and DeSyn (gracilis anterior, H, J, and L) muscles of E16.5 wild-type (G and H), E14.5
z-agrin/ (I and J), and E16.5 z-agrin/ (K and L) mice. Individual indices: 4.5/5 (G), 1.6/1 (H), 4.7/4 (I), 1.1/1 (J), 3.8/3 (K), and 1.0/1 (L).
Scale bar: 40 m.
muscles, we attempted to destabilize synapses by peared in DeSyn muscles (data not shown). Ectopic
clusters were absent in FaSyn muscles. To verify thatblocking nerve-evoked activity. We carried out activity
blockade experiments in 3-week-old and older mice by the absence of nerve-evoked activity has distinct effects
on AChR clusters in FaSyn and DeSyn muscles, we alsotreating muscles with Botulinum toxin A (BotA), a toxin
that blocks calcium-dependent transmitter release. analyzed AChR clusters in denervated muscles. Like
chronic paralysis, denervation produced a disassemblySuch treatments induce ultraterminal nerve sprouting in
selected muscles (Frey et al., 2000). of AChR clusters on DeSyn muscles, whereas those on
FaSyn muscles resisted disassembly (Figures 6E, 6F,A single application of BotA to the triceps surae mus-
cle produced a pronounced blockade of neuromuscular and 6G). Chronic paralysis or denervation induced a
complete loss of focal AChR clusters in DeSyn musclestransmission in hindlimb calf muscles, with the absence
of stimulus-induced endplate potentials and greatly re- in mice of up to 2–3 months of age. In older mice,
this sensitivity to the absence of nerve-evoked activityduced frequencies (90%) of spontaneous transmitter
release that persisted for at least 2 weeks (data not decreased, and no disassembly was detected in mice
6 months and older (Figures 6G and 6P). Therefore,shown). Under these experimental conditions, AChR la-
beling patterns between 5 and 30 days after application marked differences between NMJs of FaSyn and DeSyn
muscles persist in young adult mice, where they can beof the toxin were not substantially different from un-
treated controls (Figure 6G). In contrast, repeated appli- revealed as differences in sensitivity to chronic transmit-
ter release blockade or denervation. This sensitivity iscations of toxin over a period of 2 weeks led, in selected
muscles, to a pronounced loss of postsynaptic AChRs gradually lost between 3 and 6 months of age, sug-
gesting that the consolidation of NMJs in DeSyn mus-(Figures 6D and 6G). 1 month after the onset of paralysis,
postsynaptic disassembly was nearly complete at De- cles is a protracted process, extending from embryonic
development into maturity.Syn muscles (Figures 6D and 6G) and absent at FaSyn
muscles (Figures 6C and 6G). Concomitant with the dis- To determine how chronic blockade of neuromuscular
transmission affects the presynaptic components, weassembly of the original postsynaptic AChR cluster, nu-
merous ectopic nerve-associated AChR clusters ap- analyzed neuromuscular innervation in chronically para-
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Figure 6. Selective Loss of AChR Clusters
and Disassembly of NMJs in DeSyn Muscles
Induced by Chronic Blockade of Nerve-
Evoked Activity or Denervation in Young
Adult Mice
(A–D) BotA was repeatedly injected into the
right calf at postnatal day (P)15, P19, P23,
P27, and P31, and muscles were analyzed at
P45. Representative examples of NMJs
(-Bungarotoxin labeling) in rectus femoris
(FaSyn) and lateral gastrocnemius (LGC, De-
Syn) from nontreated contralateral hindlimb
(A and B) and paralyzed hindlimb (C and D).
The examples shown are from one experi-
ment; all sections were processed the same
way and scanned at equal confocal intensity.
(E and F) representative examples of AChR
clusters in TA (E) and LGC (F), 20 days after
sciatic nerve transsection in a 1-month-old
mouse.
(G) Quantitative analysis of AChR cluster dis-
assembly in paralyzed and denervated FaSyn
and DeSyn muscles. The data are from two
mice each (at least 30 NMJs per mouse).
BotA, 1	: one application of BotA at P15,
followed by analysis at P45; BotA chronic:
repeated injections treatment, as described
in (A)–(D). See Experimental Procedures for
AChR cluster integrity criteria.
(H–M) Combined silver esterase reactions of
contralateral wild-type controls (H and I) and
treated muscles (J–M); nerves are black, and
acetylcholine esterase reaction product at
the NMJ is blue. Chronic paralysis leads to a
reduction in synaptic acetylcholine esterase
activity.
The arrows point to intact NMJs without (H,
I, L, and M) and with (J) ultraterminal nerve
sprouts. Note the extensive longitudinal
sprouting of nerves indicative of synapse dis-
assembly in chronically paralyzed DeSyn
(LGC) muscle at 1 month (K), but not 1 year
(M), of age and the absence of disassembly
in FaSyn (rectus femoris) muscle (J and L).
(N–P) Quantitative analysis of synapse disas-
sembly induced by chronic paralysis with
BotA. The data are from 100 NMJs each (two
mice). For the time course experiments (N),
the BotA treatment was initiated at P15, and
LGC innervation was analyzed 10, 20, and 30
days later. Where disassembly was analyzed
in different muscles (O) (VL, vastus lateralis;
RF, rectus femoris; and TA, tibialis anterior),
mice were treated as in (N) and analyzed 30
days later. The age-dependence of the disas-
sembly response (P) was analyzed in LGC. In
these experiments, treatments were initiated
15 days before the age indicated in the figure,
and mice were analyzed 15 days after that
age.
Scale bar: 40 m in (A)–(F) and 140 m in
(H)–(M).
lyzed adult muscle using a combined silver esterase old mice (Figures 6M and 6P). Starting about 2 weeks
after the beginning of the treatment, numerous collater-reaction. This histological method visualizes intramus-
cular nerves in black and the reaction product of acetyl- als grew longitudinally along the paralyzed muscle fi-
bers, extending for up to 0.5 mm on each side of thecholine esterase at the synapse in blue. Repeated appli-
cations of BotA to hindlimb muscles over a 2 week original synaptic site (Figures 6K and 6N). The longitudi-
nal sprouts extended short transversal side branchesperiod led to a dramatic collateral sprouting reaction in
DeSyn muscles, e.g., LGC and vastus lateralis in that formed acetylcholine esterase-rich putative ectopic
synaptic structures (data not shown). In marked con-1-month-old mice (Figures 6K and 6O), but not 1-year-
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trast, the rectus femoris and tibialis anterior, two FaSyn
muscles, did not exhibit this sprouting response (Figures
6J and 6O). Analysis of collateral sprouting and AChR
cluster disassembly in the same muscles revealed that
the two processes were closely correlated in their timing
(Figure 6N), muscle specificity (Figure 6O), and age de-
pendence (Figure 6P). The time course of AChR cluster
disassembly in chronically paralyzed and denervated
DeSyn muscles was comparable (data not shown), sug-
gesting that as in the embryo, the status of focal cluster-
ing of AChRs influences the maintenance of the presyn-
aptic nerve at the NMJ.
Roles of Agrin in Stabilizing Adult Synapses
To investigate further the similarities between the fac-
tors that affect synapse formation during development
and those that promote synapse maintenance in the
adult, we explored the role of agrin in young adult mice.
To investigate the possible relationship between agrin-
mediated synapse maintenance and inactivity-mediated
destabilization, we carried out chronic paralysis experi-
ments with BotA in mice that express higher or lower
than normal levels of agrin.
The expression of agrin in neurons, including spinal
MNs, is substantially lower after birth than in early devel-
opment (Cohen et al., 1997). To generate adult mice
expressing high levels of agrin, we produced Thy1-agrin
transgenics (Figure 7A) that overexpress chick z-agrin
specifically and constitutively in adult neurons, including
spinal MNs (Figures 7A–7D; Caroni, 1997). Two indepen-
dent transgenic lines were used for this study, with com-
parable results (Figure 7D). In both lines, robust expres-
sion of the transgene started about 1 week after birth,
and many neurons, including spinal MNs (Figure 7B),
expressed transgenic agrin. When mouse and chick
agrin cDNA probes were used to compare in situ hybrid-
ization signals in spinal MNs in the adult, transgene
signals were more than 10-fold higher than those for
endogenous agrin (data not shown).
Overexpression of z-agrin in Thy1-agrin mice pro- Figure 7. Dose-Dependent Protection against NMJ Disassembly in
Young Adult Mice by Agrintected AChR clusters and presynaptic nerves against
(A–D) Generation of transgenic mice overexpressing chick z-agrindestabilization induced by chronic blockade of nerve-
constitutively in neurons, including -MNs in the adult. (A) Map ofevoked activity in the presence of BotA (Figures 7G–7I).
Thy1-agrin transgenic construct. (B and C) In situ hybridization ofAlthough a substantial fraction of neuromuscular syn-
adult lumbar spinal cord sections with chick agrin digoxigenin la-apses in DeSyn muscles did eventually disassemble in beled RNA probe. (B) Adult transgenic mouse, line TG1; (C) Wild-
the transgenic mice, this reaction was delayed signifi- type littermate control. Arrows point to spinal MNs expressing the
cantly. 25 days after beginning the BotA treatment, LGC chick agrin transgene. (D) Expression of transgenic chick z-agrin.
Immunoblot of equivalent adult mouse brain homogenate samples(lateral compartment) muscle fibers with no detectable
probed with antibody against chick agrin. The line TG3 expressedpresynaptic structures and sprouts of more than 50 m
low levels of transgene in very few neurons and was not furtherwere found at 90% of wild-type values, but less than
included in the analysis.30% of total in Thy1-agrin mice; values at 45 days (E–H) Protection by agrin against synapse disassembly induced by
were 98% and 70%, respectively. Taken together, chronic blockade of transmitter release. 1-month-old (1M) z-agrin/
these results provide evidence that z-agrin promotes (E and F) and Thy1-agrin transgenic line TG1 (G and H) mice were
treated as described in the legend to Figure 6. The arrows pointNMJ maintenance in the adult and suggest that agrin
to intact NMJs (AChE, characteristic pattern of presynaptic nerveand synaptic activity may act in concert to maintain
terminal branching; see also AChR analysis in Figure 7I).NMJs.
(I) Quantitative analysis of synapse disassembly in wild-type,To decrease agrin expression, we made use of hetero-
agrin/ and Thy1-agrin mice. Labeling of the figure is as described
zygous z-agrin/ mice. In these mice, significant AChR in Figure 6G–6I.
disassembly and collateral nerve sprouting characteris- Scale bar: 140 m.
tic of synapse disassembly was detected in both DeSyn
(Figures 7F and 7I) and FaSyn (Figures 7E and 7I) mus-
cles 1 month after the onset of the chronic BotA treat-
ment. In addition, z-agrin/ mice exhibited an acceler-
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ated sprouting response. Substantial sprouting was
detected after a single treatment with BotA in DeSyn
muscles, and occasional synapses with sprouts were
observed in the absence of paralysis in DeSyn muscles
(data not shown). Taken together, these results provide
evidence that z-agrin promotes NMJ maintenance in the
adult and suggest that agrin and synaptic activity act
in concert to maintain NMJs.
Schwann Cell Sprouting in Denervated FaSyn
and DeSyn Muscles
To further investigate whether in young adults, as in the
embryo, a major contribution to the difference observed
in DeSyn and FaSyn muscles resides in the muscle, we
monitored tSC sprouting in lower hindlimb muscles 14
days after denervation using p75 expression (Reynolds
and Woolf, 1992). Strong SC and tSC p75 immunoreac-
tivity was detected in the absence of nerve (Figures
8C–8H), whereas p75 signals were nearly undetectable
in innervated contralateral muscle (Figures 8A and 8B).
A comparison of tSCs sprouting at denervated NMJs
of FaSyn and DeSyn muscles in 6-week-old mice re-
vealed substantial differences in the two types of mus-
cles. Thus, while strong tSC sprouting was detected at
all NMJs in DeSyn muscles (Figure 8D), sprouting was
weak to absent in FaSyn muscles (Figure 8C). Similar
distributions of tSCs with sprouts were detected 7 days
after denervation (data not shown). Like synapse disas-
sembly after chronic paralysis, denervation-induced tSC
sprouting was affected by the expression of agrin. Thus,
in adult z-agrin/ mice with only one wild-type agrin
allele, tSC sprouting was much more pronounced and
Figure 8. Selective Sprouting of tSCs at Denervated NMJs of DeSynalso detected at most synapses in FaSyn muscles (Fig-
Muscles
ures 8E and 8F). Moreover, denervation-induced tSC
Double-labeling immunocytochemistry of FaSyn (tibialis anterior)
sprouting was reduced in adult Thy1-agrin mice (Figures and DeSyn (LGC) muscles 2 weeks after denervation. Postsynaptic
8G and 8H). In denervated soleus muscle, 168 (84%) AChRs (-Bungarotoxin) are in red, and activated SCs (p75 immuno-
out of 200 denervated NMJs exhibited at least one tSC reactivity) are in green. Arrows point to tSC sprouts.
(A–D) Denervated hindlimb (C and D) and contralateral untreatedprocess longer than 50 m, and 105 (52%) had pro-
control (A and B) of a wild-type mouse. Note the very low or absentcesses longer than 75 m in wild-type mice (n
 4 mice).
p75 signals of SCs and tSCs in contact with nerve and strong upreg-In Thy1-agrin transgenics, the corresponding values
ulation upon denervation. Also note the low incidence of tSC sprout-
were 37/200 (18%) and 12/200 (6%) (n 
 4 mice). These ing at denervated NMJs in FaSyn muscle (C) and strong response
results demonstrate the existence of marked differences in DeSyn muscle (D).
in the sprouting responses of tSCs to denervation in (E and F) Denervated hindlimb of z-agrin/ mouse. Note sprouting
of tSCs at denervated FaSyn NMJs.FaSyn and DeSyn muscles in the adult and suggest
(G and H) Denervated hindlimb of Thy-agrin transgenic mouse. Notethat chronic absence of activity and nerve promotes
the strong reduction of tSC sprouting.sprouting of tSC processes in DeSyn, but not in FaSyn,
Scale bar: 40 m.
muscles.
Discussion rate of synapse assembly appear to reflect muscle-intrin-
sic, nerve-independent programs of focal AChR cluster-
ing. FaSyn and DeSyn muscles differ in the extent toIn this study, we provide evidence that skeletal muscles
can be subdivided into two previously unrecognized which they depend on agrin. In a DeSyn muscle (such as
the diaphragm), focal AChR clustering and maintenancesubtypes, designated FaSyn and DeSyn muscles. These
muscles differ in the rate of neuromuscular synaptogen- depends critically on nerve-derived factors, whereas
this dependence is much more limited in FaSyn muscles.esis during embryonic development and in the mainte-
nance of NMJs in the adult. As soon as neuromuscular NMJs on FaSyn and DeSyn muscles continue to differ
for several months after birth. Thus, after birth and upsynaptogenesis begins, FaSyn and DeSyn muscles ex-
hibit marked differences in the morphology of AChR to 3–5 months of age, AChR clusters and presynaptic
nerve terminals in DeSyn muscles are selectively vulner-clusters and in the extent to which nerve terminals, SCs,
and AChR clusters are associated with each other. In able to the absence of nerve-evoked activity or reduced
levels of agrin.FaSyn muscles, a mature pattern is achieved within less
than 1 day of development but, in DeSyn muscles, it Here, we first discuss possible mechanistic bases for
differences between FaSyn and DeSyn muscles. Sec-requires 4–5 days. These differences in the timing and
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ond, we discuss how these findings provide new insight developing embyro, we detected selective AChR loss
in the presence of BotA or denervation and selectiveinto the relative roles of muscle and nerve in neuromus-
tSC sprouting upon denervation in DeSyn muscles incular synaptogenesis. Third, we discuss the selective
the adult. Based on these findings, we favor the ideavulnerability of synapses on DeSyn muscles in young
that the intrinsic mechanisms that influence AChR clus-adults and the protective roles of nerve-evoked activity
tering in FaSyn and DeSyn muscles also have an impactand agrin during AChR cluster and synapse disas-
on at least some aspects of presynaptic differentiation,sembly.
maturation, and maintenance at the NMJ (Figure 9).
Whatever the sources of differences between FaSynIntrinsically Distinct Patterns of Focal AChR
and DeSyn NMJs, our results are relevant to recent find-Clustering in Different Muscles
ings on the role of the presynaptic nerve and agrin inFaSyn and DeSyn muscles differ in their abilities to form
organizing postsynaptic AChR complexes. This is be-focal AChR clusters in the presence or absence of motor
cause nearly all previous studies have focused on theaxons and to maintain AChR clusters in the presence
diaphragm, a DeSyn muscle. These studies led to theor absence of agrin. The differences between the nature
conclusion that the presence of the presynaptic nerveand rate of NMJ formation in the two muscle types may
is necessary to maintain synaptic AChR clusters andinvolve the general molecular steps that are thought to
to disperse nonsynaptic clusters. In all of the DeSyncontrol focal AChR clustering. FaSyn and DeSyn mus-
muscles analyzed in this study, we found a similar de-cles could, for example, express different levels of criti-
pendence on the nerve for synaptogenesis. These find-cal protein components that drive the assembly of the
ings are also consistent with the induction of ectopicpostsynaptic receptor complex (e.g., MuSK or rapsyn).
AChR clusters by ectopic expression of z-agrin in anHowever, we have not detected clear differences in the
adult DeSyn muscle, the soleus (e.g., Jones et al., 1997).distribution of rapsyn or MuSK in FaSyn and DeSyn
In FaSyn muscles, however, the process of AChR clustermuscles between E14.5 and birth. Alternatively, the clus-
formation is much more rapid and independent of thetering processes for AChRs or associated molecules
nerve for a prolonged period. Thus, at least in FaSynmay differ qualitatively in the two types of muscle. This
muscles, agrin does not appear to be essential for thecould involve the presence of different accessory pro-
initial formation of a synaptic complex of AChR cluster,teins and/or variations in signal transduction pathways
nerve, and SC. Instead, agrin appears to have a criticalinvolved in complex assembly (Fuhrer et al., 1999; Sanes
role in augmenting focal AChR clustering, enhancingand Lichtman, 2001). One possible target of such differ-
alignment of nerve and SC with the AChR cluster, andential pathways could be the primary MuSK-dependent
promoting NMJ maintenance. Thus, in the absence ofscaffold (Apel et al., 1997) necessary to drive AChR
agrin, alignment of nerve and SC with AChR clusters inclustering.
FaSyn muscles were distinctly slower than in wild-typeA recent study carried out in the sternomastoid mus-
mice between E13.5 and E15.5, and NMJs began tocle of young and adult mice (a DeSyn muscle) has pro-
disassemble from E15.5 on (Figure 5F). The presencevided evidence that blocking skeletal muscle TrkB re-
of an efficient process of focal AChR clustering mayceptor activity leads to a fragmentation of AChR clusters
initially be sufficient to protect nascent NMJs on FaSynand to the disassembly of synapses (Gonzales et al.,
muscles from disassembly in response to the absence of1999). TrkB receptor activity may also be required to
agrin, whereas selective vulnerability in DeSyn musclesprevent the fragmentation of agrin-induced AChR clus-
may be due to the low intrinsic efficiency of the cluster-ters on cultured myotubes (Gonzales et al., 1999), raising
ing process in these muscles. In agreement with previ-
the possibility that FaSyn and DeSyn muscles differ in
ous reports (Sanes and Lichtman, 1999), agrin may thus
their dependence on signal transduction events down-
promote synapse maturation and maintenance by
stream of TrkB receptor activation. Finally, differences in strengthening and sustaining the pathway for AChR
matrix components, such as laminins or proteoglycans, clustering, presumably through MuSK (Figure 9).
which are known to modulate effects of agrin, may be A comparison of AChR clusters in the absence of MNs
involved. Muscle specification and patterning are di- or agrin (Figures 4 and 5) supports and extends the
rected by cues originating in the local mesenchyme, so notion that the motor nerve can promote synaptogene-
differences in the extracellular matrix or mesenchymal sis in the absence of agrin (Lin et al., 2001; Yang et
cells of FaSyn and DeSyn muscles might well exist. al., 2001). Although in agrin-deficient mice most AChR
clusters in FaSyn muscles are indistinguishable from
Relative Roles of Focal AChR Clustering and those in wild-type before E15.5, these clusters are
Nerve-Derived Signals in Promoting smaller and labeled less intensely in the absence of
Synaptogenesis in FaSyn and DeSyn Muscles MNs . The motor nerves not only promote AChR cluster
The striking correlation between AChR cluster patterns growth in the absence of agrin in FaSyn muscles, but
and the timing and rate of NMJ maturation at nascent also enhance cluster dispersal at ectopic sites in DeSyn
synapses in FaSyn and DeSyn muscles raises the ques- muscles and at disassembling synapses in both DeSyn
tion of how pre- and postsynaptic differentiation are and FaSyn muscles. Thus, in mice lacking MNs, all mus-
coordinated. On the one hand, presynaptic maturation cle fibers of a given muscle exhibit comparable AChR
might be controlled in a retrograde fashion by the post- labeling patterns, whereas in the absence of agrin, even
synaptic differentiation process. Alternatively, different FaSyn muscles contain increasing numbers of muscle
MN pools might also have independent programs that fibers lacking detectable AChR clusters after E15.5.
permit fast or delayed presynaptic maturation. Although These findings are similar to the effects of synaptic and
extra-synaptic activity on AChR gene expression andour experiments do not address this question in the
Neuron
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Figure 9. Proposed Model of Neuromuscular Synaptogenesis and Maturation in FaSyn and DeSyn Muscles
(A) Nerve-independent prepatterning of postsynaptic AChRs (red) in FaSyn and DeSyn muscles exhibits characteristic differences in focal
AChR clustering due to intrinsically distinct properties of these muscles. FaSyn muscles rapidly assemble one compact cluster that may reach
a threshold to promote presynaptic differentiation through retrograde signals (red arrow). DeSyn muscles assemble loosely organized AChR
clusters not sufficient (subthreshold) to induce presynaptic differentiation.
(B) In the hindlimb, incoming motor nerves interact with AChR clusters on muscle to establish neuromuscular synapses through a cascade
of reciprocal inductive interactions between E13.75 and birth. In FaSyn muscles, nerves may either contact preexisting clusters or promote
the formation of focal clusters at sites of contact with muscle. Nerve-derived signals promoting synaptogenesis (blue arrows) include z-agrin.
A further signal may involve transmitter release. Presynaptic differentiation depends on the presence of a supra-threshold focal AChR cluster
on muscle and involves alignment of the nerve (blue) with the AChR cluster and association of Schwann cells (green) with the nascent synapse.
Focal clusters on FaSyn muscles initiate this process effectively at E13.75, whereas the presence of nerve and nerve-derived agrin are
necessary to bring about supra-threshold AChR clustering and initiate presynaptic differentiation in DeSyn muscles from E16.5 forward. In
addition to these differences in onset times, rates of synaptic differentiation are substantially faster in FaSyn than in DeSyn muscles.
(C) Synapse maturation involves further differentiation and strengthening of NMJs through reciprocal signals.
(D) NMJs on FaSyn and DeSyn muscles continue to differ in their stability for several months after birth. Thus, in young adult mice, synaptic
complexes in DeSyn muscles depend on the presence of synaptic activity for maintenance and are disassembled in its absence.
AChR cluster formation and stability (Sanes and Licht- There are several parallels between the processes of
NMJ disassembly for FaSyn and DeSyn muscles in theman, 1999). They are also reminiscent of the effects of
agrin and electrical activity on the formation, growth, embryo and in the adult. By analogy to its role in the
adult, it is possible that during NMJ development, activ-and stability of ectopic AChR clusters on living soleus
muscle in adult rats (Skorpen et al., 1999). ity promotes focal AChR clustering at synapses and
promotes AChR dispersal in the absence of agrin and
at extra-synaptic sites. This interpretation is consistentSelective Vulnerability of NMJs on DeSyn
Muscles in the Adult with the finding that in the absence of transmitter release
in Munc-18/ mice, NMJ formation is initiated normally,The motor nerve continues to play an important role
in maintaining AChR clusters and in synapse integrity but synapses disassemble after a few days (Verhage et
al., 2000). A similar role for synaptic activity in promotingpostnatally. Our results show that in young adult mice,
as in the embryo, this neural influence differs between synapse maturation and maintenance has been sug-
gested for developing retino-tectal synapses (e.g.,FaSyn and DeSyn muscles, generally being greater in
the latter. One pathway through which the nerve pro- O’Rourke et al., 1994).
motes synaptic maintenance involves muscle activity.
Thus, the chronic paralysis experiments provide ex- Reciprocal Interactions between Nerve and Muscle
during NMJ Formation and Maturationperimental evidence that a minimal amount of nerve-
induced synaptic activity is required in the adult to main- We found a striking correlation between focal AChR
clustering, synapse formation during development, andtain neuromuscular synapses on DeSyn muscles. These
findings are consistent with those of a recent study on synapse maintenance in the adult in FaSyn and DeSyn
muscles, raising the question of how these events arethe turnover of AChRs at blocked NMJs of the sterno-
mastoideum (Akaaboune et al., 1999), a DeSyn muscle. coordinated. One possibility is that focal postsynaptic
AChR clustering plays a critical role in signaling retro-A similar role of nerve-evoked activity for maintenance
of postsynaptic dendritic spines has been described in gradely to promote synapse differentiation and prevent
disassembly (Figure 9). During development, presynap-hippocampal neurons in slice cultures (McKinney et al.,
1999). Z-agrin also protected synapses on DeSyn mus- tic differentiation involves the stopping, alignment, and
thickening of the presynaptic nerve, and positioning ofcles from disassembly in the adult. Together, these re-
sults suggest that a low level of nerve-evoked activity tSC bodies at the maturing synapse. The striking re-
arrangement of SCs to synapse-associated positionmay act together with z-agrin to protect synapses from
the activation of an AChR cluster and synapse disas- may coincide with the aquisition of synapse-specific
properties by tSCs. The tight association of tSCs withsembly pathway in young adult mice.
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processed and analyzed at the same time. For samples betweenmaturing presynaptic terminals may promote further
E13.75 and E14, only sections of muscle invaded by nerve weresynapse strengthening by enhancing the efficacy of syn-
scored.aptic transmission (Robitaille, 1998). Such heightened
Skeletal muscle proteins were visualized with the following anti-
efficacy, in turn, may signal back from muscle to the bodies: skeletal -actinin, monoclonal antibody EA-53 (Sigma); myo-
presynaptic nerve to promote further presynaptic differ- sin heavy chain embryonic, monoclonal antibody WB-MHCe (No-
vocastra Labs., Newcastle-upon-Tyne, UK); and integrin-7, rabbitentiation locally at the nerve terminal and through retro-
antiserum (kind gift of U. Mueller, Friedrich Miescher Institut, Basel,grade signaling pathways to the terminal arbor and on to
Switzerland). RITC--Bungarotoxin and Alexa-labeled secondarythe cell body (Fitzsimonds and Poo, 1998). This process
antibodies were from Molecular Probes Inc., Eugene, OR.would parallel local regulation at the developing NMJ
Postsynaptic complexes (-Bungarotoxin-positive areas) in 25-
in Drosophila, where postsynaptic differentiation and day-old and older mice were scored for their integrity on a five
synaptic efficacy generate retrograde signals that con- (control) to zero (disassembled) scale, as described in the Supple-
mental Experimental Procedures section. Postsynaptic complexestrol presynaptic differentiation (Davis and Goodman,
scoring three or less were defined as disassembling AChR clusters.1998; Davis, 2000). Through such retrograde signals, the
Neuromuscular synapses and their innervation patterns in the adultassembly of the synaptic apparatus through processes
were visualized with a combined silver esterase reaction, as de-intrinsic to particular postsynaptic muscles may affect
scribed by Aigner et al. (1995). Disassembling synapses were de-
the timing of presynaptic MN maturation. fined as muscle fibers exhibiting nerves with no detectable terminal
In addition to affecting the timing of pre- and postsyn- arborization and characteristically twisting collateral sprouts ex-
tending for more than 150 m along the length of the muscle fiber.aptic maturation, the differences in synaptogenesis and
synapse maintenance in FaSyn and DeSyn muscles may
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Agrin mutant mice: z-agrin/ mice were produced as described References
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Hopkins University); agrin/ mice were generated as described by Aigner, L., Arber, S., Kapfhammer, J.P., Laux, T., Schneider, C.,
Lin et al. (2001). Thy1-z-agrin transgenic mice overexpressing chick- Botteri, F., Brenner, H.R., and Caroni, P. (1995). Overexpression of
z-agrin cDNA in adult neurons were produced using full-length chick the neural growth-associated protein GAP-43 induces nerve sprout-
neural agrin (Denzer et al., 1995) and the Thy1 expression cassette ing in the adult nervous system of transgenic mice. Cell 83, 269–278.
described by Caroni (1997) (see also Figure 7).
Akaaboune, M., Culican, S.M., Turney, S.G., and Lichtman, J.W.We produced mice lacking MNs from an early time in development
(1999). Rapid and reversible effects of activity on acetylcholine re-and before the outgrowth of motor axons from the spinal cord using
ceptor density at the neuromuscular junction in vivo. Science 286,a specific genetic approach for diphtheria toxin-mediated ablation,
503–507.as described inYang et al. (2001).
Anderson, M.J., and Cohen, M.W. (1977). Nerve-induced and spon-
taneous redistribution of acetylcholine receptors on cultured muscleParalysis and Denervation Experiments
cells. J. Physiol. (Lond.) 268, 757–773.To block transmitter release at the NMJ, purified Botulinum toxin A
Apel, E.D., Glass, D.J., Moscoso, L.M., Yancopoulos, G.D., and(Botox, clinical grade, Allergan AG, Lachen, Switzerland) was in-
Sanes, J.R. (1997). Rapsyn is required for MuSK signaling and re-jected (0.01 U per g mouse) into either the triceps surae or quadri-
cruits synaptic components to a MuSK-containing scaffold. Neuronceps muscle. To produce chronic paralysis, toxin was applied every
18, 623–636.third day, for periods of up to 1 month. Hindlimb muscles were
denervated by cutting the sciatic nerve at midthigh level. Arber, S., Han, B., Mendelsohn, M., Smith, M., Jessell, T.M., and
Sockanathan, S. (1999). Requirement for the homeobox gene Hb9
in the consolidation of motor neuron identity. Neuron 23, 659–674.Histology and Immunocytochemistry
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